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Abstract 
This paper will introduce our recent experimental results of cryogenic regenerator materials employed in Stirling-type one-stage 
pulse-tube refrigerator for the use at liquid hydrogen temperature. Thermal diffusion coefficient, according to which we choose 
the suitable regenerator materials, will prove to be a useful reference. We will also discuss the impact of resistance of sphere 
regenerator materials on the performance of the refrigerator and the method to improve it. Take an overall consideration, 
suitable-size Er3Ni will be applied as the regenerator materials at the cold head and we achieve a remarkable 14.7 K no-load 
temperature. 
© 2014 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the organizing committee of ICEC 25-ICMC 2014. 
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1. Introduction 
For the absence of moving parts in low temperature, pulse-tube refrigerator (PTR) has advantages of theoretic long-
life use and low vibration of the cold head Radebaugh et al. (1990). Since its birth, PTR has made a great progress 
with a series of improvements, especially many ideas in creative components to adjust the phase between pressure 
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Fig. 1. (a) Schematic of the pulse-tube refrigerator; (b) The volumetric heat capacity. 
and mass oscillation. PTR can be divided into G-M and Stirling-type based on its operating frequency. Stirling-type 
PTR (STPTR) is driven by no-valve compressor with a relatively high frequency. Nowadays, Stirling-type PTR can 
reach a temperature below liquid helium and  distinguish itself in many fields such as optical detection for its 
superiority in small size, light weight, and high stability Olson et al. (2003), Olson et al. (2006), Nguyen et al. (2007), 
Nast et al. (2007), Qiu et al. (2011), Bradley et al. (2011). 
In general, the efficiency of the STPTR under 20 K is extremely low which is mainly restricted by the efficiency 
of the regenerator. Below 40 K, the heat capacity of common-used stainless steel wire-mesh (SS) drops rapidly and 
lowers the efficiency of heat exchange. Sphere materials, such as Er3Ni, HoCu2, and lead, possess relatively high 
volumetric heat capacity and are always used as low temperature regenerator materials in low-frequency refrigerator 
such as G-M PTR. Questions emerge when spheres materials are employed in STPTR, such as the choice of suitable 
size and larger flow resistance to be overcome. In this paper, we address these questions in our lab-made Stirling-
type one-stage coaxial PTR used for 20 K temperature range. The Schematic is shown in Fig.1. (a). The pulse tube is 
driven by a home-made linear compressor through a long tube. The cold head flange can be opened up conveniently 
to replace the regenerator. The detailed structure, including components to adjust phase relationship can be found in 
the reference Chen et al. (2013). When the whole second-segment regenerator employs SS as the regenerator, the 
refrigeration can reach a lowest temperature of 20.4 K and provide a cooling power of 1 W at 33 K with an input 
power 230 W. 
This paper is organized as the following three parts: 
x The first part will introduce the principle to choose the suitable size and type of the sphere materials; the 
experimental results of different sphere materials will be shown. 
x The second part will discuss the difference between the flow resistance of sphere materials and that of wire-mesh. 
x Finally, we will introduce the STPTR employing Er3Ni as a part of regenerator which can reach a remarkable 
14.7 K no-load temperature with an input power of 250 W, 29 Hz operating frequency and forced air cooling the 
hot end.  
2. The selection of regenerator materials 
The regenerator, which is one of the most important components of the refrigerator, heat is exchanged between 
helium gas and material. Therefore, specific heat capacity is an important parameter: a relatively high specific heat 
capacity means more internal energy participates in the heat exchange. Fig.1. (b) shows some frequently-used 
cryogenic  
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Fig. 2. The volumetric heat capacity. 
regenerator materials, where SS represents stainless steel wire-mesh and Pb, Er3Ni, HoCu2 always appear in the 
form of spheres. 
Below 40 K, Pb, Er3Ni, HoCu2 have an advantage over SS in higher specific heat capacity and thus are dominant 
in this temperature range. Here, we employed these three sphere materials in lab-made 20.4 K no-load temperature 
STPTR (Fig. 1. (a)) and tested the performance. First, the principle to choose the suitable material will be 
introduced. 
Fig.1 tells how regenerator materials exchange heat with the helium Radebaugh et al. (2005). The temperature of 
the helium oscillates as a sinusoidal curve. Assume the temperature at the surface of the solid oscillates in the form 
of a cosine curve,  
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Where T1 is the amplitude of the temperature oscillating, ƒ is the oscillating frequency, we obtain the formula 
describing the internal temperature field after solving the energy equation. 
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Where ƒ is the frequency of the surface temperature oscillation; ȡ is the density of the regenerator materials; Cp is 
the specific heat at constant pressure; Ȝ is thermal conductivity. 
Here we define the thermal penetration depth įt as the depth where the amplitude of the temperature is 1/e of the 
temperature oscillating amplitude at the solid surface. 
1T( ) /t T eG     (3)
And we obtain 
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Where ȟ = Ȝ/(ȡgcp) is thermal diffusivity; w is angular frequency. 
From Eq. (4), įt varies with ȟ proportionally when w is fixed which depends on the system parameters. Larger ȟ 
leads to larger amplitude of the internal temperature oscillation at a constant x, which means more internal energy of 
regenerator materials participates in the heat exchange if cp is fixed. In this sense, ȟ is hoped to be larger. However, 
on the other hand, we expect larger cp and smallerO to minimize the loss of the regenerator, which results in a 
smaller ȟ. In this way, ȟ is an important parameter and it is reasonable to estimate the loss of the regenerator 
according to ȟ. 
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Table.1. calculates the thermal penetration depth įt and the thermal diffusivity ȟ of He and three sphere materials 
at 2.0 MPa charging pressure, 35 Hz operating frequency, and 20 K. 
The įt of He is only 0.0323 mm and to make helium exchange heat completely, we choose the size of the sphere 
materials to be 0.055-0.07mm to minimize the characteristic length scale of helium flow. Then, the three sphere 
materials of the same size were substituted for the SS to the coldest part of the regenerator at 5 mm filling length and 
we obtained the following results shown in Fig. 3. 
Table 1.  The property of regenerator materials. 
 Ȝ 
W/(m•K) 
cp 
J/(cm3•K) 
ȟ 
cm2/s 
įt 
mm   
He 0.0328 0.284 0.115 0.0323 
Pb 57.5 0.605 95.0 0.928 
Er3Ni 1.2 0.555 2.16 0.140 
HoCu2 2.5 0.378 6.61 0.245 
 
From Fig.3., we can see that, for these three materials, the no-load temperature shares the same trend with the 
thermal diffusivity. Er3Ni owns the largest ratio of cp to Ȝ and shows the best performance which approaches the 
500-mesh SS very closely. The performance of Pb is the worst even though it possesses the highest value of cp, 
which can be attributed to higher thermal conductivity resulting in larger regenerator axial conducting loss. 
The above results may explain the reason why many groups failed in employing lead spheres as regenerators of 
high-frequency refrigerators. Despite the fact that different refrigerators need different discrimination parameters to 
evaluate the potential of the regenerator materials, the machine in this paper can represent an important class of 
refrigerators. 
3. Flow resistance measurement 
Sphere materials are superior to SS in term of specific heat capacity. However, the above experiments don’t show 
better results, which we may attribute to the influence of flow resistance. Therefore, in this part, we show the 
different performances between wire-mesh and sphere regenerators in the term of flow resistance. 
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Fig. 3.  No-load temperature and thermal diffusivity corresponding to different materials. 
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Fig. 4. Schematics of steady flow resistance measurement. 
The filling rate of sphere materials is about 0.65, while that of wire-mesh materials is 0.37. The high filling rate 
leads to a perhaps large flow resistance, which will do harm to the performance of the system. We measured the 
Er3Ni of two sizes in use and 500-mesh SS under steady flow condition. Fig.4. shows the schematic diagram to test 
the flow resistance on stead flow condition. The gas resource is high-pressure nitrogen at room temperature; next, 
we can control the reducing valve to adjust ǻp to the needed value and then record the flow rate which shows in the 
flow gauge. It deserves to be mentioned that the resistance component under measurement is of the same shape with 
the regenerator in the refrigerator. 
From Fig.5. (a), the flow rate of ĳ 0.055-0.07 mm (180-350 mesh) Er3Ni is the lowest at a constant ǻp among the 
three tested materials, while the other two share almost the same value with the same regenerator filling length. 
Thus, from steady flow resistance measurement, it is evident 180-350 mesh Er3Ni is of larger flow resistance than 
SS wire-mesh. 
In oscillating flow, the flow becomes more complicated and the flow resistance will differ from that in steady 
flow. For lack of professional facility to test it, we collect the indirect evidences that can prove the 180-350 mesh 
sphere materials indeed possess larger flow resistance when subjected to oscillating flow. 
Fig.5. (b) demonstrates a representative curve where the amplitude of pressure oscillating decreases as the filling 
length of HoCu2 increasing, convincing the larger flow resistance leads to larger pressure drop when gas flows 
through the regenerator. 
Meanwhile, the intermediate temperature of the flange at the multi-bypass position decreases with the enhancing  
filling length. We estimate that more gas passes through the multi-bypass hole and enter the pulse tube to provide 
refrigeration to cool the stage to lower temperature. 
In conclusion, we can get the point that when helium flows through sphere materials, especially of small sizes 
(diameter˘100 ȝm), it bears much larger flow resistance than that when it goes through wire-mesh regenerator. 
 
 
Fig. 5. (a) The measured stead-flow resistance; (b) The indirect evidence of flow resistance. 
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4. 14.7 K STPTR with Er3Ni 
From the above illustration and experiment data, Er3Ni is proved to a promising material to increase the 
performance of STPTR working for 20 K. The subsequent effort is to lower the temperature Er3Ni working at and 
decreasing the impact of flow resistance. 
     Abiding by the above principle, we choose 8.5mm-filling length, 0.055-0.07 mesh Er3Ni as the regenerator at the 
position closest to the cold head. The length of the second-segment regenerator is 35mm and we increase the ratio of  
regenerator area to pulse tube area from 3.5 to 3.9 to lower the mass flow in the regenerator in order to decrease the 
flow resistance.  
The schematic of the system is also shown in Fig.1. The pulse tube is driven by a linear compressor through a 
20cm-length ĳ4.2mm tube. The hot end of the pulse tube is cooled by fan. The flange at the intermediate can be 
opened up to replace the multi-bypass to improve the performance. 
We tested the performance of the refrigerator with second-segment regenerator filled with all 500-mesh SS and 
500-mesh SS plus 9mm Er3Ni (ĳ0.055-0.07mm) respectively. The results are shown in Table.2. The input power is 
250 W, the charge pressure is 1.9 MPa and other conditions except frequency are the same. 
Table 2.  The performance with different regenerators. 
Regenerator materials no-load temperature  Optimum frequency  
/ K Hz 
500-mesh SS  17.4  35.5  
500-mesh SS+Er3Ni  16.5  31.5  
 
The Er3Ni regenerator gets the better performance with a lower optimum operating frequency than SS regenerator. 
Afterwards, the size of multi-bypass is adjusted to the optimum value; then, the no-load temperature with Er3Ni 
regenerator can reach 14.7 K with 250 W input power, while the temperature of the multi-bypass flange is 79 K. 
5. Conclusion 
In this paper, we compare different sphere regenerator materials and illustrate the principle we obey to choose the 
most suitable materials. Er3Ni, with a large ratio of Cp to Ȝ, is proved to be a most promising material to replace 
stainless steel wire-mesh to improve the refrigerator performance. The flow resistance of sphere materials is proved 
to be greater than that of wire-mesh by measurement both on steady flow condition directly and oscillating flow 
condition indirectly. Finally, choosing the appropriate materials, together with some tricks to lower the flow 
resistance, we achieve a remarkable no-load temperature 14.7 K with Stirling-type one-stage co-axial pulse-tube 
refrigerator. 
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